We have already developed a novel -type titanium alloy, Ti-8Fe-8Ta-4Zr, for biomedical applications. Ti-8Fe-8Ta-4Zr showed higher strength than conventional biomedical titanium alloys, such as Ti-6Al-4V ELI, Ti-6Al-7Nb, and Ti-13Nb-13Zr. In addition, the alloy also showed higher corrosion resistance than cp-Ti and Ti-6Al-4V ELI in Hanks' solution. In particular, the breakdown potential of the alloy (the pitting potential) was over 3.5 V vs. SCE (saturated calomel electrode) and much higher than those of cp-Ti and Ti-6Al-4V ELI. A slightly active region was observed at about 1.7 V vs. SCE that may be related to the high breakdown potential.
Introduction
Beta-type titanium alloys, such as Ti-13Nb-13Zr, Ti15Mo-5Zr-3Al, and Ti-Nb-Ta-Zr system alloys, which consist of non-toxic elements, have been developed to achieve a lower Young's modulus with high strength because Ta, Zr, Nb, and Mo are suitable elements to increase the strength and decrease the Young's modulus of -type titanium alloys. [1] [2] [3] [4] From the viewpoint of material cost, Ti-Fe-Cr, Ti-Fe-Mo-Al, and Ti-Fe-V-Al system alloys with a large amount of Fe have been developed [5] [6] [7] [8] because Fe is a low-cost alloying element and an attractive stabilizer for titanium alloys. Therefore, Fe, Ta, and Zr are the most suitable alloying elements for -type titanium alloys to achieve high strength, a low Young's modulus, and low material cost.
For these reasons, -type titanium alloys, Ti-8Fe-8Ta, Ti8Fe-8Ta-4Zr, and Ti-10Fe-10Ta-4Zr, have been newly designed and developed for biomedical applications. 9) Only the phase was identified on the diffraction patterns from these alloys after cold rolling and solution treatment. The tensile strengths of Ti-8Fe-8Ta and Ti-8Fe-8Ta-4Zr solution-treated at 1078 and 1018 K for 3.6 ks were larger than those of conventional biomedical titanium alloys, such as Ti6Al-4V ELI, Ti-6Al-7Nb, and Ti-13Nb-13Zr, while the elongations to fracture of Ti-8Fe-8Ta and Ti-8Fe-8Ta-4Zr after solution treatment were equal to those of Ti-6Al-4V ELI and Ti-6Al-7Nb after annealing. The corrosion resistance of these alloys was much higher than that of cp-Ti and Ti-6Al-4V ELI. In anodic polarization, the corrosion potential of these alloy systems was higher than that of cpTi and lower than that of Ti-6Al-4V ELI in Hanks' solution. The passivation current density of the alloy systems was about 4:5 Â 10 À6 A cm À2 and almost the same as those of cpTi and Ti-6Al-4V ELI. In particular, the breakdown potentials of the alloy system (pitting potential) were over 3.5 V vs. SCE and much higher than those of cp-Ti and Ti6Al-4V ELI. In addition, a slight active region was observed at about 1.7 V vs. SCE that may be related to the high breakdown potential. Therefore, the corrosion resistance of the new alloy system was high despite the presence of pitting corrosion.
In this study, the surface oxide films on Ti-8Fe-8Ta-4Zr before and after anodic polarization were characterized using X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) to elucidate the high corrosion resistance mechanism of the alloy in Hanks' solution. Ti-8Fe-8Ta-4Zr showed the best balance between strength and elongation after solution treatment in the previous study. Elucidating the mechanism of high corrosion resistance will enhance the understanding of the development of highly corrosionresistant titanium alloys.
Materials and Methods

Specimen preparation
A button-shape ingot of Ti-8Fe-8Ta-4Zr in mass% (Ti-7.5Fe-2.3Ta-2.3Zr in at%) with 100 g in weight was prepared by the arc-melting process in an argon atmosphere. Table 1 shows the chemical composition of the designed alloy. Plates with 2.5-mm thickness were obtained by hot and cold rolling. Plates were solution-treated at 1018 K for 3.6 ks.
Solution-treated plates were aged at 673 K for 86.4 ks. Each heat treatment was conducted in an argon atmosphere. Immediately after heating, the plates were quenched into a water bath. Specimens (2 mm in thickness and 12 mm in diameter) were prepared from 2.5 mm-thick plates with machining. These specimens were finally polished with #600 SiC paper and buffed.
Hanks' solution consisting of only inorganic ions was employed as an electrolyte. The composition of Hanks' solution is similar to that of body fluid, as summarized in À1 mV s À1 . The sweep was stopped at 1 and 3 V vs. SCE, followed by rinsing in deionized water and storing in an auto-dry desiccator. Passivity appeared from E open to 3.7 V, but a small active region at 1.7 V was observed in the previous study.
9) Therefore, surface oxides formed at passive regions before and after the active region were prepared.
XPS
XPS was performed with an electron spectrometer (SSI, SSX100). All binding energies given in this paper are relative to the Fermi level, and all spectra were excited with the monochromatized Al K line (1486.61 eV). The spectrometer was calibrated against Au 4f 7=2 (binding energy, 84.07 eV) and Au 4f 5=2 (87.74 eV) of pure gold and Cu 2p 3=2 (932.53 eV), Cu 2p 1=2 (952.35 eV), and Cu Auger L 3 M 4;5 -M 4;5 line (kinetic energy, 918.65 eV) of pure copper. The energy values were based on published data.
10) The take-off angle for photoelectron detection was 35 from the surface of the specimen. The composition and thickness of the surface oxide were estimated according to the methods of Asami et al.
11,12) Empirical [13] [14] [15] [16] and theoretically calculated 17) data of the relative photoionization cross-sections were used for the quantification. The relative photoionization cross-sections used in this study are summarized in Table 3 , where i j = O1s represents the relative photoionization cross-section of a level j electron of an element i to that of O 1s electrons. An angle-resolved technique for XPS was also applied.
AES
Depth profiles of elements in specimens were obtained by AES using a JEOL, JAMP-7100 electron spectrometer in combination with argon-ion-sputter etching. The vacuum level of the analyzing chamber during measurement was of the order of 10 À7 -10 À8 Pa. The accelerating voltage of the primary electrons for the Auger electron excitation was 10 kV. The electron probe size was about 1.2 mm in diameter, and the current was 5 Â 10 À7 A. The differential Auger electron spectra were measured, and their peak-to-peak (p-p) intensities were used for quantification. The modulation voltage for the differential spectra was 5 eVp-p. The KL 2;3 L 2;3 transition peaks for carbon, nitrogen, and oxygen, the L 2 M 2;3 M 2;3 peak for calcium, and the L 3 M 2;3 M 4;5 peaks for titanium were used for the analysis under the applied argon-ion-sputter conditions (3 kV and 30 mA cm À2 in 8 Â 10 À2 Pa). The quantification was performed using the relative-sensitivity factors summarized in Table 4. 18) The concentration of element i, X i , was calculated according to the following conventional equation:
where I and are the p-p intensity of the Auger peaks and the relative sensitivity factor for the above-mentioned transition for an element, respectively, i and j indicate elements i and j, respectively, and N is the number of elements.
Results and Discussion
Composition of surface oxide
Carbon was detected on all specimens. From the C 1s spectra, it was concluded that none of the specimens contained carbonate because no peak was detected at an energy region of 289-290 eV, where carbonate should give a C 1s peak. 19) Therefore, carbon detected by XPS can be ascribed to so-called contaminant carbon.
XPS spectra of the binding energy regions of Ti 2p, Fe 2p, Ta 4f, and Zr 3d electrons obtained from an untreated specimen are shown in Fig. 1 . The spectrum of the Ti 2p region was the only one that showed both metallic and oxide states; 20) the spectra of regions of other elements originated exclusively from oxide states. 21, 22) In the oxide, titanium existed as Ti 4þ after polarization, iron, as Fe 2þ , tantalum, as Ta 5þ , and zirconium, as Zr 4þ . Ti 2þ and Ti 3þ were also detected in an unpolarized specimen. On the other hand, metallic titanium concentrated just under the oxide film because only titanium was detected in a metallic state. Another possibility is that no other metallic elements were detected because the concentrations were under the detection limit of ca. 0.1 mol%. In polarized specimens, no metallic state was observed in the Ti 2p region spectrum either, indicating that the surface oxide film grows with anodic polarization.
Calcium and phosphorus were detected on both polarized specimens. The binding energy of Ca 2p 3=2 electrons was 347.3-347.6 eV, and that of P 2p electrons was 133.3-133.5 eV, indicating that calcium exists as Ca 2þ and phosphorus, as HPO 4 2À or PO 4 3À . 23, 24) In other words, calcium phosphate was formed. This result is very similar to that obtained through calcium phosphate precipitation on titanium and titanium alloys in Hanks' solution. [23] [24] [25] [26] [27] The XPS spectrum of the O 1s electron binding energy region consists of at least three peaks originating from O 2À , hydroxide or hydroxyl groups, OH À , and hydrate and/or adsorbed water, as shown in Fig. 2 phosphate. When calcium phosphate was precipitated, the ratio increased.
29)
The compositions of the surface oxides of unpolarized and polarized specimens are summarized in Table 6 . Table 6 contains the chemical compositions recalculated on the basis of the titanium concentration. After polarization, titanium increased, while iron decreased. The oxidation of titanium proceeded, and iron may have been dissolved during polarization. With 3 V polarization, iron again increased. After passing the slight active region on the polarization curve, iron concentrated in the oxide film. Zirconium seemed to increase with polarization.
The thickness of the surface oxide in the unpolarized specimen was calculated as 4.8 nm (Table 6 ), i.e., the same as those of cp-Ti and other titanium alloys. 29) After polarization, the thickness could not be calculated because no metallic state was detected.
Depth profiles of the surface oxide
The AES depth profiles of the relative concentrations of elements in the surface region before and after polarization are shown in Fig. 3 . An oxygen-concentrated and titaniumdepleted layer existed inside the surface oxide film in the unpolished specimen. After polarization, this layer expanded with the increase of the polarization potential. The titanium hyper-oxidized layer was generated by polarization. This layer contained a low concentration of iron and worked as a corrosion protective layer. Iron is contained the surface oxide layer and oxygen atoms are more attractive to titanium atoms according to a larger activation energy of titanium, followed by the dissolution of iron. Subsequently, oxygen-rich titanium oxide layer with low iron concentration remains. Attraction of oxygen to zirconium atom is observed in a TiZr binary alloy. 30) In general, the surface oxide layer of cp-Ti and Ti-6Al-4V after polarization does not have this oxygenrich layer in the range of its passivation. During anodic polarization, the surface oxide of titanium grows, however the composition gradually changes from the outmost layer to inside layer and does not contain the above oxygen-rich layer.
Dissolution of iron also occurred during polarization, and dissolution occurred from both the oxide layer and the alloy substrate. The slight active region on the polarization curve may have been caused by the dissolution of iron.
Both titanium and iron were depleted in the hyper-oxidized layer in the unpolarized specimen; on the other hand, in the 1 V polarization specimen, titanium was depleted, and iron Fig. 3 Depth profiles of titanium, iron, zirconium, and oxygen in Ti-8Fe-8Ta-4Zr in mass% (Ti-7.5Fe-2.3Ta-2.3Zr in at%) before and after polarization in Hanks' solution.
was enriched. After polarization at 3 V, titanium was slightly depleted, while iron did not change. Therefore, the slight active region on the polarization curve may also have been caused by the dissolution of titanium in addition to that of iron. The depth profiles of other elements, such as tantalum and zirconium, were almost constant before and after polarization, and no relationship to the hyper-oxidized layer above was found.
Conclusions
The surface oxide films on Ti-8Fe-8Ta-4Zr after anodic polarization at 1 and 3 V in Hanks' solution were characterized using XPS and AES to elucidate the high corrosion resistance mechanism of the alloy in Hanks' solution and the following conclusions are obtained.
(1) The surface oxide film on Ti-8Fe-8Ta-4Zr is grown with anodic polarization. 
